Introduction
Friction stir welding (FSW) is a solid state joining method in which the base metals do not melt. Its advantages compared to conventional welding methods include producing welds with higher integrity, minimum induced distortion and low residual stress. FSW is used largely for aluminium alloys, but recent developments have focused on higher temperature parent materials such as steel. Modelling of friction stir welding, particularly for high-temperature alloys, is a challenge due to the cost and complexity of the analysis. It is a process that includes material flow, phase change, sticking/slipping and complex heat exchange between the tool and workpiece. A review of numerical analysis of FSW is available in [1] He et al. Many studies have been carried out on FSW modelling of aluminium alloys; however, FSW modelling of steel is still limited. Nandan et al. [2] used a 3-D numerical analysis to simulate heat transfer and material flow of mild steel during FSW. In their work, the viscosity was calculated from previous extrusion work where the range in which steel can experience flow was rated from 0.1 to 9.9 MPa.s. Heat was mainly generated from viscose dissipation and frictional sliding in the contact region between the tool and the workpiece and was controlled by a spatial sticking-sliding parameter based on the tool radius. There has also been extensive work done on modelling of DH36 mild steel carried by Toumpis et al. [3] . In their model, the viscoplastic thermo-mechanical behaviour was characterised experimentally by a hot compression test. They established a 3D thermo-fluid model to simulate the material flow, strain-rate and temperature distribution. Micallef et al. [4] carried out work on CFD modelling and calculating the heat flux of FSW DH36 6-mm plates by assuming full sticking conditions at the tool shoulder/workpiece and that the heat is generated by plastic deformation and shearing. The effects of different welding conditions including slow, intermediate and fast rotational traverse FSW speeds on stir zone (SZ) size and heat generated was studied. They found that the total heat generation for various welding conditions can be correlated with the tools radial and angular location. It is apparent that previous models are insufficient to predict defects such as wormholes and voids which are cavities or cracks below the weld surface caused by abnormal material flow during welding. These defects severely weaken the mechanical properties of the welded joints [5] . Defects are found in FSW of DH36 steel especially at high welding speeds [6] . They are also associated with fractures in both tensile [7] and fatigue tests performed on DH36 steel plates [7, 8] . These defectrelated failures highlight the need for the ability to predict the formation of sound welds using numerical modelling. There is also limited work on the FSWof steel to predict the stir zone (SZ) and high asymmetry between advancing and retreating sides especially for high welding speeds. Few people have succeeded in predicting the size, shape and position of the SZ using numerical analysis. Micallef et al. [4] tried to predict the SZ by determining the velocity of stirring which can represent the transition between stir and no stir. However, because there is no certain value of the stirring velocity, this method can contain many errors. The present work models the FSW of DH36 steel by implementing a coupled thermo-mechanical flow analysis in a research Computational Fluid Dynamic CFD code ANSYS FLUENT. It uses a steady-state analysis with a Eulerian framework in which the tool/workpiece interfaces are in the fully sticking condition. In the model rotational and traverse speeds were effectively applied and the torque on the tool shoulder was monitored. The temperature field, relative velocity, strain-rate, shear stress on the tool surface, material flow and pressure distribution were determined by solving the 3D energy, momentum and conservation of mass equations. The model aims mainly to predict the SZ and also the suitable rotational and traverse speeds required to obtain sound weld joints. The model is validated by comparing the temperature results with thermocouples readings of a FSW sample prepared and welded at rotational and traverse speeds of 550 RPM and 400 mm/min, respectively. Metallographic examination was also carried out on the sample taken in order to compare the actual width of the heat-affected zone (HAZ) and stir zone with the CFD model predictions.
Experimental method 2.1 Materials
Eight samples of friction-stir welded DH36 steel plate with dimensions of 500 × 400 × 6 mm (in length, width and thickness, respectively) were provided by The Welding Institute (TWI). The sample had been welded using a hybrid Poly Crystalline Boron Nitride (PCBN)-WRe tool using high rotational welding speed of 550 RPM and a traverse speed of 400 mm/min. Three thermocouples had been fixed at the plate bottom in the steadystate region of the weld as shown in Fig. 1a . The chemical composition of the DH36 steel used for this study is given in Table 1 . This information is provided by the manufacturer, Masteel UK Ltd. Furthermore the thermal properties (specific heat and thermal conductivity) of DH36, adopted from previous work carried out on low carbon manganese steel, are given as a function of temperature as follows [9] :
Cp ¼ 689:2 þ 46:2:e 3:78T =1000 for T < 700 o C ð2Þ
Cp ¼ 207:9 þ 294:4:e 1:41T=1000 for T > 700 o C ð3Þ
where k, C P and ρ are thermal conductivity, the specific heat and density, respectively. The diameter of tool shoulder (made of PCBN-WRe) and the pin base were 25 and 10 mm, respectively with the pin base length of 5.7 mm. The tool shank was made of tungsten carbide (WC) and both shoulder and shank were surrounded by a collar made of Ni-Cr as shown in Fig.1b . The thermal properties for the PCBN hybrid tool are given in Table 2 [10, 11] .
The eight sets of welding parameters used to produce the welds that were provided by TWI are given in Table 3 . These values were taken directly from the TWI-FSW welding machine and were used to compare with the data produced form the CFD model. Due to the complexity associated with modelling the friction stir welding tool with a threaded pin, a conical shape with a smooth pin surface (without threads) was used. The designed area for the tool without threads had to be equal to the actual area with threads; therefore, the exact surface area of the tool was measured using the infinite focus microscope (IFM), and these dimensions were used to model the tool in FEM. Figure 1b shows the designed tool used for the modelling versus the actual tool. The calculated surface area of the tool using the infinite focus microscopy (IFM) technique, were as follows: A shoulder = 1499.2 mm 2 , A probe_side = 373.2 mm 2 , A probe_end = 50.3 mm 2 .
The plate was designated as a disc centred on the tool rotational axis (Eulerian frame work) with a 200 mm diameter and 6 mm thickness. This is because the heat affected region in FSW is very small compared to the whole length of the workpiece [3, [12] [13] [14] . The tool and the plate were considered in the fully sticking condition. To make the model more robust, a thermal convection coefficient with high values (1000-2000 W/m 2 .K) was applied on the bottom surface of the plate instead of representing the backing plate and the anvil [4] .
The mathematical model
In the current model, the following assumptions were made:
Material flow The mass flow was considered to be for a non-Newtonian viscoplastic material (laminar flow) whose values of viscosity were assumed to vary between a minimum and maximum experimental value, taken from a previous FSW study of mild steel [2] . The viscosity varied with strain rate and temperature. The heat generated in the contact region was mainly from viscous heating. The viscous dissipation (heat generated by the mechanical action) is also included.
Framework A Eulerian framework was applied and the tool was considered to be under "fully sticking condition" as shown in Fig. 2a . Previous work by Schmidt et al. [15] and Atharifar et al. [12] showed experimentally that sticking conditions are closer to the real contact situation between the tool and workpiece. Cox et al. [16] carried out a CFD model on FSW and assumed pure sticking conditions at the tool/workpiece contact area. In the current model the connection between the tool and the plate was achieved by treating the domain geometry as a single part. The interior material of the plate was allowed to move by assigning an inlet velocity at one side. The other side of the plate was assigned with zero constant pressure to ensure there was no reverse flow at that side [17] . All plate walls were assumed to move with the same speed of the interior (no slip conditions) with zero shear stress at the walls. The normal velocity of the top and bottom of the plate was constrained to prevent outflow. Frictional heating was not included due to fully sticking conditions.
Material of the workpiece and tool Material properties of steel plate represented as a function of temperature, as well as the hybrid PCBN tool parts (including the collar and shank) with their properties were included.
Meshing of the model The mesh quality was very high to deliver low skewness, low aspect ratio and high orthogonality. Moreover, very fine tetrahedral mesh was used in the tool/plate contact surface to capture the high changes in velocity, temperature, strain rate and other changing characteristics of the physical properties of steel ( Fig. 2b) .
Cooling system of the tool The cooling system for the tool parts was included and was represented as a negative heat flux. In previous work, on the same materials (workpiece of DH36 and PCBN tool) [3] the cooling system was implemented under heat convection conditions on the side of the shank by applying a heat convection coefficient. Given that the maximum temperature on the tool cannot be measured with high precision, the calculated value of heat convection coefficient will not be accurate. Hence, using a negative heat flux on the tool surface seems to be more convenient. The loss of heat from the workpiece was represented by the application of a heat transfer coefficient on the top and bottom walls of the workpiece. Rotational speed of the tool Tool rotational speed (rad/s) was effectively applied in the contact region between the tool and the workpiece. This gave the material in the contact region asymmetry from the advancing to the retreating side as the material flows from the inlet to the outlet ( Fig. 2a ). The values for torque under the shoulder were monitored during the solution; the stability of torque after many numbers of iteration is a sign of solution convergence. Convergence in FLUENT also occurs once the velocity and continuity residual fall below 0.001 and energy residual below 10 −6 . A pressure-velocity coupling algorithm was used to solve the energy and the flow equations (solving the continuity and momentum equations in a coupled manner) to effectively cover the non-linear physical model [17] . Gravitational forces were neglected here due to the very high viscous effect of the material [12] . Some of the mention assumptions have been used in previous publications for the authors [18] to model the same grade of steel with two differences -a-fully sticking conditions so the material velocity is equal to tool rotational speed -b-heat generated is totally from viscose heating instead of frictional and plastic heat source.
The governing equations
The continuity equation for incompressible material can be represented as [2] ∂u i ∂x i ¼ 0 ð5Þ u i -is the velocity of plastic flow in index notation for i = 1, 2 and 3 which representing the Cartesian coordinate of x,y and z respectively.
A. Heat transfer and plastic flow equation The temperature and velocity field were solved assuming steady-state behaviour. The plastic flow in a three-dimensional Cartesian coordinates system can be represented by the momentum conservation equation in index notation with i and j = 1, 2 and 3, representing x, y and z, respectively [2] ρ whereρ, p, U and μ u are density, pressure, welding velocity, and Non-Newtonian viscosity, respectively. Viscosity is determined using the flow stress (σ f ) and the effective strain rate ε Á ð Þ as follows:
The flow stress in a perfectly plastic model, proposed by Sheppard and Wright [18] is:
n, Ai, α, are material constants. Previous work on C-Mn steel showed that the parameter A can be written as a function of carbon percentage (%C) as follow [2] :
α and n are temperature dependents and can be represented as:
Z n is the Zener-Hollomon parameter which represents the temperature compensated effective strain rate as [2] :
Qe is the activation energy, R is the gas constant. The effective strain rate can be represented as:
ε ij -is the strain tensor and can be represented as:
B. Heat equation Here, the Eulerian algorithm is used in which the FSW tool is represented as solid whereas the workpiece material is represented as liquid and flows through the mesh usually in steady-state solution [2, 19] :
where parameters are as follows: ρ = material density, C p = specific heat, v x = velocity in the X-direction, T = temperature and k is the thermal conductivity. μ u = viscosity, u = material velocity, Q i = Source term which is mainly coming from the heat generated in the interface between the tool and workpiece. The heat generated in this model is based on viscosity dissipation and the material flow due to the tool rotation forming shear layers. The viscous heating (μ u (∇ 2 u)) was assumed to be the main source of heat generation in this work. Q b =heat generated due to plastic deformation away from the interface. Some distance away from the tool-workpiece interface, the material experiences plastic deformation due to tool rotation which has an impact on the adjacent material. This deformation produces insignificant heat (less than 5%) [2] so it will be neglected in this work.
Parent material movement and associated velocity
A specified node in the simulation, shown in Fig. 3 , is assumed in which as the tool rotates and the material moves through the mesh, the node is transferred from location 1 to 2 where its parametric coordinates can be represented as follows:
And by deriving the coordinate equations (Eqs. 16 and 17), the velocities (u and v) in x and z directions can be obtained as [20] :
Due to representing of the pin without threads in the current simulation and also the material sticking conditions in the contact region, the vertical velocity (Y-direction) was negligible and the velocity magnitude is represented as:
Material flow
RetreaƟng side
Advancing side Fig. 3 The material flow around the tool in FSW (steady state), material is moved from point 1 to point 2 A previous model depending on sticking/sliding has included the vertical drag of the material [18] .
Boundary conditions
The temperature of the workpiece was set at room temperature (25°C). The heat loss from the tool-workpiece can be divided as:
A. Heat partition between the tool and the workpiece Tool parts are expected to gain heat more than the workpiece during FSW due to the low thermal conductivity of DH36 steel (as received from the manufacturer = 45-55 W/m.K) compared to the tool types (PCBN) which is about three times that of steel. The partition of heat between tool and workpiece has been calculated by other researchers [2, 21] as follows:
where WP and TL denote the workpiece and the tool; and f and J are the fraction of heat entering the workpiece and generated heat respectively. So the heat transfer at the tool/shoulder interface was determined as follow:
The heat fraction transferring into the workpiece, f, was estimated between 0.4 and 0.45 for welding using a tungsten based tool and workpieces of mild or stainless steel 304 L. However, for welding PCBN tool with a cooling system as in this work, Eq. 22 cannot accurately represent the heat fraction between the tool and the workpiece. The reasons being that the PCBN tool is a hybrid tool which consists of four different materials with different thermal properties. Also the presence of the cooling system and gas shield will affect this heat fraction. Subrata and Phaniraj [22] showed that Eq. 22 is only valid when the tool and plate are considered as an infinite heat sink with no effects of heat flow from the air boundary of the tool and they found that the heat partitioned to the tool is less than calculated from Eq. 22. Therefore, in the present simulation the tool was represented in the geometry to estimate the heat fraction numerically. Heat removed from the tool during the FSW process due to the cooling system can be calculated from the following Eq. [23] :
where ṁis the flow rate of the coolant (in L/min for liquid and m 3 /h for gas). ΔT is the difference between inlet and outlet coolant temperature. Table 4 shows the various coolants types for the shank and collar parts of the tool with their associated characteristics. The calculated heat has been divided on the exposed area and then represented on the tool part as a negative heat flux. Using a range of flow rates may dramatically affect the values of outlet temperature and in turn the heat flux values. However, in the current work, an average value was calculated and used.
B. Heat losses from the workpiece top surface To define the boundary condition for heat transfer between the top surface of the workpiece and the surroundings (away from the shoulder), convection and radiation in heat transfer can be considered which can be represented as: [2] q
where T o is the room temperature (25°C), ε is the emissivity of the plate surface, σ is the Stefan-Boltzmann constant (5.67 × 10 −8 W m −2 K −4 ), and h is the convection coefficient (W m −2 . K −1 ). In the current model the radiation equation was neglected as it will add more complexity to the case. As a first approximation the radiation effect was accommodated by increasing the value of heat convection coefficient around the tool [4] .
C-heat loss from the workpiece bottom surface
The lower surface of the plate is in contact with the steel backing plates (usually mild and O 1 steel grades) and the anvil. Previous workers [24] have suggested representing the influence of 
Results and discussion
In all images, the advancing side of the weld is on the left hand side.
Torque
In this model, the torque is calculated under the shoulder of the tool as it is found by Long et al. [25] that the torque from the shoulder represents the major part of the total torque which, in turn, comes mainly from the viscous and local pressure forces. Table 5 gives the values for the maximum temperature and torque obtained through the proposed numerical model for the 8 weld cases. Comparing Tables 3 and 5 shows that the values for numerically calculated torque are within the range of the torque experimentally calculated by the FSW machine mentioned in Table 3 . Given that very limited numbers of eight samples were welded using just six rotational and traverse speed variations; a clear relationship cannot be established between the welding speed and the torque. However, comparing two sets of data presented in Table 4 (W1and W2 and W4 through W8) show that the torque decreases with an increase in tool rotational speed at a constant traverse speed. This result is in accordance with the results found in [25] for welding aluminium alloys. They have found, through simulation validated by experimental data, that an increase in rotating speed decreases the torque until reaching a relatively constant limit that is subject to only slight change with increasing tool rotational speed. They argued that the torque depends on the contact shear stress between the tool and workpiece, and thus by increasing the tool rotational speed, the temperature of the welded region increased, causing a decrease in the contact shear stress and thus the torque. The relationship between torque and flow shear stress is described in Eq. 25 [25] . Atharifar et al. [12] also reported a decrease in torque with increasing tool rotational speed and decreasing travers speed as a result of a low viscosity field resulting from an accumulation in thermal energy. From this discussion, it is expected that torque increases with increasing traverse speed at a constant tool rotational speed. However, the welds provided for the current study did not include constant tool rotational speeds with different traverse speeds but a previous study on FSW of stainless steel has reported such torque increase [26] . The axial and lateral forces in this work will not be discussed here because of the complexity and also due to the fact that the FSW machine was "position" controlled which means the tool was fixed at a constant vertical distance from the workpiece irrespective of the forces acting on the tool [3] . Table 3 includes three experimental welding cases with the same rotational/travers speeds (W6, W7 and W8) but shows different axial/lateral forces. The CFD modelling can only give constant axial/lateral forces for fixed rotational and traverse speeds. The relationship between torque and shear flow stress is shown in eq. 25:
where τ is the flow shear stress Pa., M tool is the tool torque (N.m), Vol contact is the tool/workpieace contact volume (m 3 ). The tool torque is calculated from the spindle motor torque measured experimentally from the PwerStir FSW machine and multiplied by the transfer ratio of conveyor as in the following eq. [27 p467]:
where M spindle is the motor spindle torque N.m, TRC is the transfer ratio of conveyor which is equal to 0.38. Figure 4 gives the temperature contours for the welding conditions studied for samples W1 through W8. W6 through W8 are presented in one image; they are repeated welds with the same welding rotational and traverse speeds but with different axial and lateral forces. For all cases shown in Fig. 4 , the temperature is very high around the tool but the contour expands just after the contact region. This suggests that heat is moving slowly through the material because of the low thermal conductivity. They also reveal that the contours of temperature tend to be more compressed with high welding speed as shown for W4, W5 and W6-W8. This can lead to a faster cooling rate than those with a slow traverse speed. Thermal cycles of W2 and W6 as examples of low and high welding speeds are shown in Fig. 5 . Time in these curves was calculated by dividing the travelling distance by the travelling speed, the travelling distance was monitored from the tool shoulder periphery towards the trailing direction. These curves of cooling rate state that despite the high tool rotational speed of sample W6 which was expected to generate a higher temperature in the tool/workpiece interface, the cooling rate was higher because of the higher traverse speed compared with W2. It is shown in Fig. 4 (W1 and W2) that using low welding speeds the temperature profile is almost distributed symmetrically around the tool radius. However, for welds with W3, W4 and W6) the maximum temperature was under the shoulder interface between the advancing side and the trailing edge but closer to the advancing side. This is the maximum temperature which can be expected in this location due to the material flow condition around the tool which will be discussed later in the material flow section. Similar to this finding, Fehrenbacher et al. [28] developed a measurement system for FSW of aluminium alloys and measured the temperature of the interface between the tool and the plate experimentally using thermocouples and found that the maximum temperature was at the shoulder interface in the advancing-trailing side closer to the advancing side of the welds. Micallef et al. [4] by using CFD modelling and experimental validation, found that the maximum temperature occurs on the advancing side and towards the rear of the shoulder's surface while the minimum temperature occurs in the pin region at the leading edge of the tool. Lower plastic deformation due to the lower viscosity at the front of the tool surface has been given as a reason for this minimum temperature. Darvazi et al. [21] , through numerical modelling, found that the maximum temperature in FSW of stainless steel 304 L was in the back half of the shoulder region and towards the advancing side. They also found that there was more asymmetry in temperature under the shoulder compared to the regions away from it. Moreover, Atharifar et al. [12] proved numerically and experimentally (using thermocouple readings) that the maximum temperature in FSW of aluminium was at the advancing side. This was attributed to the high relative velocity at the advancing side causing more viscoplastic material shearing and consequently the higher heat generation through plastic deformation and viscous heating. To present the temperature distribution at the shoulder/plate interface, Fig. 6 illustrates the temperature contours for the six welding conditions undertaken in this work, the temperature colour bar are unified in one bar to enhance the contrast. As shown in Fig. 4 , a maximum temperature (under the shoulder) of (1259 K) 986°C and (1349 K) 1076°C with wide contours was observed for W1 and W2, respectively. Welds with higher welding speeds (W5, W6-8) show a higher temperature of (1637 K) 1364°C and (1709 K) 1436°C respectively because of the high tool rotational speed but they have narrow contours and high temperatures towards the probe sides and probe end. The result from the thermocouple temperature measured at the plate bottom of W8 are shown in Fig. 7 and are in good agreement with the CFD results. A peak temperature of 910°C was recorded by thermocouples at the plate bottom, while 1030°C was the results of the CFD model. This difference in peak temperature at the plate bottom may come from the assumption of heat convection coefficient value in the CFD model which needs more experimental work to estimate the exact value of this coefficient. Asymmetry between advancing and retreating sides is increased as traverse speed increase as shown in Fig. 6 W4,W5 and W6. However, it is expected to observe a smaller Heat Affected Zones (HAZ) for these samples with higher tool traverse speeds. Low welding speeds ( Fig. 6 W1, W2 and W3.) showed a wider HAZ. Micallef et al. [4] reported the same effects of welding speed on the size of HAZ for the same type and thickness of steel grade. Similarly, they found that the asymmetry between advancing and retreating sides of the welds was increased for the higher welding speeds (here in W4,W5 and W6-8). This is attributed to more material being pushed under the shoulder's periphery at the advancing side. From the CFD result, it is worth noting that samples produced with high welding speeds (W6-8) can reach temperatures close to the melting point in a small local region at the advancingtrailing side ( Fig. 4 W6-W8 ). The evidence of localised melting at the same advancing-trailing side has been reported in [28] and also in [29] for welding aluminium alloys. Colegrove and Shercliff [30] found that maximum temperature calculated from CFD modelling of aluminium at 90 mm/min and 500 RPM is exceeding the melting point. However, they suggested that in actual welds this Fig. 5 Cooling rate of W2 and W6, CFD results measured from the tool shoulder periphery towards the trailing direction temperature would be lower due to two reasons; firstly in the actual weld, slip between the tool and the workpiece can occur reducing the heat input and consequently avoiding melting. Secondly, the material softens considerably at high temperatures near the solidus which reduces the heat generation and hence, the temperature. The present model suggests a higher temperature for high welding speeds close to the melting point in a very small area localised in the advancing-trailing side. This assumption is mainly coming from applying full sticking conditions which cause high deformation and material flow. Local melting is expected at lower tool rotational speeds W2 W1
Temperatures of the workpiece

W3 W4
W6-W08 W5 if the thermal conductivity of the workpiece is low as is the case when welding 304 stainless steel [31] . The peak temperature is expected to be lower in the case of applying the sticking/slipping conditions [18] .
Comparing the maximum temperature for W3 and W5 (as shown in Fig. 6 ), it is evident that although their ratio of rotational to the traverse speed is nearly the same (in Table 3 : 1.2 and 1.25, respectively), the maximum temperature reached at the advancing-trailing side is quite different; 1130 and 1364°C (1403 and 1737 K), respectively. This suggests that increasing tool rotational speed has a profound effect on heat production compared to the traverse speed. Moreover, comparing W3 with W4 ( Fig. 4) shows that the maximum peak temperature of both is nearly equal (1130 and 1143°C (1403 and 1416 K), respectively); however, material at the probe-side experienced a lower temperature in W3 because of less tool rotational speed. This means that for these welds, increasing tool rotational speed from 300 to 325 RPM can give nearly the same maximum temperature despite the increase in traverse speed in W4 which led to a faster cooling rate and hence less heat input. This, consequently, resulted in a smaller temperature distribution in the tool/workpiece depth and thus a smaller HAZ is expected. Colegrove and Shercliff [30] also reported the same effect; that changing the tool rotational speed has a more significant effect on the peak temperature than a change in traverse speeds and the HAZ decrease with the increase in traverse speed. Temperature contours of the longitudinal cross section of the tool for all cases studied shown in Fig. 6 are circular and tend to bend towards the tool shank. The tool collar acts as an insulator because of its low thermal conductivity, so most of the heat was partitioned between the PCBN-WRe and shank from one side and the workpiece from another side. The Shank loses heat mainly by convection coming from the cooling system as previously described. From the contours of temperatures in Fig. 6 , it can be confirmed that heat is mainly transferred by conduction through the tool parts unlike the workpiece in which heat is transferred by the material flow. Figure 8 compares the stirred zone and HAZ obtained from modelling with the experimental macrograph of W8. It is shown that the width of the HAZ is varied in the range of temperatures between (1273-1373 K) 1000-1100°C but not below (1173 K) 900°C. There is no specific rule to calculate the size of this zone as a function of tool speeds; hence the shape of SZ is not easy to determine from numerical CFD simulation. In a previous work [4] the SZ geometry was studied using CFD to understand how it varies with the operating conditions of traverse and tool rotational speeds. The relative velocity was considered to represent the transition between stir and no stir. However, the exact value of velocity of stir is not given. In the current model, the whole stirred and heataffected zones are compared with the temperature contour as shown in Fig. 8 for the steady-state case and it is evident that HAZ is located in the range of contour No. 12 and No.14 where the minimum temperature exceeds 1211 K (938°C) contour which is above the A 1 transition zone of the Fe-C equilibrium diagram [32] . The difference between the computer generated V-shaped contour and the experimental macrograph was also reported by Micallef et al. [4] ; the suggested interpretation is that the difference might be due to the variation in plunge depth along the welding line which can result in significant variation in temperature profile. The experimental recordings of the welding parameters included the plunge forces and plunge depth provided by the TWI for FSW of 6-and 8-mm plates of DH36 [TWI FSW data of DH36 steel grade] showed many cases in which there was a drop in the plunge force when the plunge depth drops by parts of a millimetre. Micallef et al. [4] suggested that the variation in the plunge depth is mainly caused by the change of plunge force due to uncontrolled factors such as alternating thicknesses of the workpiece. Wang et al. [33] also observed similar variations in geometry of SZ due to the changes in the plunge depth during their welding experiments. The current model reveals an asymmetry in the temperature profile for all cases studied especially for high welding speeds (W4, W5 and W6). In CFD modelling of FSW of DH36 steel, Micallef et al. [4] reported a certain level of temperature asymmetry for high speed welding; however, they have not reported any localised region in which the temperature can reach to near the solidus temperature under high welding speed. On the other hand, Long et al. [25] reported reaching a melting temperature in 2D-CFD modelling of aluminium alloys FS welded at very high tool rotational speeds exceeding 500 RPM. They argued, using the experimental charts that the reduction in torque when increasing the tool rotational speed was due to a drop in the flow stress. One of the reasons behind this drop in the flow stress is thought to be an increase in the temperature and reaching the melting point in some localised regions. They have also argued that this local melting can lead to an intermittently lubricated contact condition between the tool and the workpiece. Comparison with other model, the current CFD result of the estimate of maximum temperature for W2 1349 K (1076°C) is in good agreement with the results obtained by Toumpis et al. [3] (close to or above 1000°C) for the same steel grade, thickness and welding speed.
Comparison of CFD result with experimental and other work
However, the distribution of temperature in the SZ is different. This might be due to the different geometry and viscosity ranges applied. The maximum temperature obtained from W5 1637 K (1364°C) is higher than their results 1523 K (1250°C) for the same welding condition. Moreover, the distribution of temperature between the advancing and retreating side is also different as here it shows more asymmetry than in their model. Figure 9 shows the temperature distribution around the PCBN tool surfaces for the different welding conditions of W1 to W6. It is shown from the CFD results that the PCBN-WRe part of the tool experiences different temperatures on the surface during welding; a lower temperature on the leadingretreating side of the tool and higher temperature at the advancing-trailing side. The lowest temperature is on the probe end region at the front of the tool. This was also reported by Micallef et al. [4] where it was interpreted as a viscosity effect. The material at the front of the tool experiences lower plastic deformation because of the higher viscosity while the material at the trailing side experiences higher plastic deformation because of the effect of tool rotation which pushes the material to the back of the tool. Elbanhawy et al. [26] reported the same variation in temperature around the tool surface. As a comparison with the low rotational welding speed, the tool surfaces in the high welding speeds showed less temperature differences between leading and trailing edges due to the short period of time of each complete rotation and also the lowest difference in viscosity between leading and trailing side as will be discussed in the viscosity section. Figure 10 shows that maximum temperature in W6 is located in the shear layer just outside the tool shoulder periphery. This is contrary to previous models which suggest that maximum temperature is always under the tool shoulder. The interpretation for this finding is that as material is heated and pushed around the tool; it reaches a maximum value of strain rate that enables it to gain higher temperature as will be discussed in strain rate and velocity section, later. Figure 11 shows numerically calculated strain rate contours in the SZ for the 6 different friction stir welding conditions studied W1 through W6-8. It shows that strain rate increases with increasing tool speeds and that this is more dominant in the high welding speeds (W4, W5 and W6-8). Similarly, Fairchild et al. [34] reported an increase in the strain rate with increasing welding speeds. The maximum value of strain for low welding speeds (W1 and W2) is in the periphery under the tool shoulder; this is because of the maximum relative velocity existing in this region as shown in Fig. 9 . However, with increasing rotational and traverse speed, the maximum value of strain rate was in the shear layer just outside the tool periphery. It should be added that there is a difference in strain rate values between the advancing and retreating sides especially for the high traverse speeds (W4, W5, W6-8). This difference in strain rate values may have resulted from an increased difference in the relative velocity between the advancing and retreating sides of the tool. It is shown that strain rate can reach to a value of 1000s −1 at the tool shoulder periphery especially for high tool speeds (W5 and W6) as a result of fully sticking conditions. The strain rate values for modelling the same steel grade and welding conditions were reported with lower values when the slipping conditions appear during the process [18] . Figure 12 shows the distribution of relative velocity in the contact surface of the tool/workpiece interface for the studied cases. For the low and medium welding speed the strain rate distribution is nearly symmetrical. The lowest value of strain rate can be found in the probe end as a result of lower relative velocity. The asymmetry in relative velocity which is mainly coming from the variation in the term "Usinθ" described in Eq. 20 and shown in Fig. 12 is the main contributor to the asymmetry in the temperature, viscosity and strain rate. This asymmetry consequently affects the mechanism of heat generation. Figures 11 and 12 also show that the difference between advancing and retreating sides in strain rate and velocity fields for all studied cases near the probe end is small and thus can almost produce symmetrical SZ at that location. This is in agreement with Nandan et al. [2] where they argued that this is due to the rapid recirculation of plastic material which itself results in the local temperature distribution not varying significantly at the probe end. Comparing Fig. 12 W1 through W6 shows that velocity is more sensitive to tool rotational speed where increasing tool rotational speed resulted in an increased relative velocity. 3mm Fig. 8 Comparing the numerical temperature contours (K) and the experimental steady-state macrograph (IFM) of W8
Surface temperature of the tool
Strain rate and velocity in the tool/workpiece interface
Local pressure distribution
It is noticed from Fig. 13 that there is a difference in local pressure values between the advancing and retreating sides and the difference is increased with increasing tool speeds. The retreating side showed a drop in pressure which can cause a consolidation defect [33] . This type of defect was reported in the retreating side as a result of insufficient internal pressure which in turn results in a drop in the forging forces which are required to keep the material consolidation [33] . The current model suggests that more defects can be created in the weld where there is a greater difference in local pressure between advancing and retreating sides. The differences in local pressure increased with increasing traverse speed even when the tool rotational speed was increasing as shown in Fig. 13 , W4, W5 and W6. So it is expected that more defects can be found in the high traversing welds even with increasing the tool rotational speeds. For W4, W5 and W6 the local pressure contours also showed a significant change in the end of probe side at the advancing side, this inhomogeneity in pressure at that location can increase the possibility of void or crack initiation. The pressure change in this specific location can be the results of higher traversing speed which may cause a lack of material flow as will be discussed in material flow section. Nandan et al. [35] found that there is a big difference in pressure at the lower portion of the workpiece due to the low
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Advancing Advancing Fig. 9 The temperature (°C) contours around the PCBN tool surfaces for six different welding conditions; (W1 to W6-8) temperature and strain rate which cause a higher flow stress and thus a higher pressure required to fulfil the material flow. This interesting result needs more investigation. W1 and W2 show more homogeneous pressure distribution between advancing and retreating sides, so defect formation is expected to be less. In all cases it is noticed that pressure is increasing with tool rotation and traverse speeds. The higher pressure shown in the advancing side rather than the retreating side is the results of formation of stagnant zone which needs more pressure to achieve material flow. Figure 14 shows the local pressure distribution in the tool/workpiece interface surface of W5 where the pressure in front of the tool is higher than in the trailing edge. The difference in pressure values between leading and trailing edges is very high towards the tool periphery. Morisada et al. [36] interpreted the high pressure value in front of the tool shoulder rather than the shoulder back as the results of tool traversing.
Parent material flow around the tool
It is noted from Fig. 15 , W2 and W6 as study cases of low and high welding speeds respectively that material flows around the tool with asymmetric circular shape especially for the high welding traverse speed. The flow is deflected at the retreating side in the direction of rotation. Previous experimental work by Schmidt et al. [37] carried out on aluminium showed the same results of material flow, where marker foils of copper flowed around the tool, broken into pieces then reverted around the retreating side in the same direction of rotation. Morisada et al. [38] used a W tracer with the aid of an XR transmission system to monitor the material flow during FSW of aluminium Al050 and low carbon steel. They found that in Al the W tracer can rotate many times around the probe, whereas, in steel the tracer moved along the rotating probe, passed through the retreating side and stopped at the back of the probe. They also found that the tracer velocity in steel was smaller than those of Al as steel is more resistance to material flow. They reported that the shape of the stirred zone in steel was changed because of the formation of a stagnant zone at the advancing side. Because of the relatively high deformation resistance behaviour of steel, they suggested a low tool 
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Max strain rate in the shear layer Fig. 11 The distribution of strain rate (s −1 ) in the contact surface of the tool/workpiece for the 6 different studied conditions W1 through W6-8 rotational speed to achieve a uniform flow zone and optimal FSW conditions. In Fig. 16, W2 and W6, the maximum flow was noted at the periphery of the tool shoulder of low and high welding speeds, respectively. The flow is decreased towards the probe end. Figures 15 and 16 show that the material adjacent to the tool periphery (shear layer) is highly affected by the tool rotation so it gained velocity. The shear layer rotation means that this region experienced plastic deformation, a high strain rate, high temperature and thus low viscosity. This region forms together with the main stirred zone the final shape of the SZ. It is worth noting that the size of the shear layer increases with increasing tool rotational speed. Figure 15 W2 shows less thickness of shear layer compare to W6 due to lower tool rotational speed. The shear layer size is larger W2 W1 W4 W3
Advancing Advancing Fig. 12 The distribution of relative velocity (m/s) between the tool/workpiece interfaces for the six different studied conditions W1 through W6-8
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Advancing Advancing Fig. 13 The distribution of local pressure (Pa) between advancing and retreating sides around the shoulder but decrease towards the probe. As mentioned previously in the discussion of velocity and strain rate section that there is a stagnant zone that can cause a wormhole defects. From Fig. 15 , it is shown that this region is located between the stream lines that show a rotation without flow reversal and the adjacent stream lines that show a reversal in flow on the advancing side. This region showed the minimum value of velocity around the tool ranged from 0.0024-0.1 m/s for W6. The stagnant region as mapped in 3D shown in Fig. 16, W6 is approximately from the mid thickness of the workpiece to the shoulder of the tool. The previous work found in [2, 5, 22] reported the wormhole defect in the same region of interest and they found that the occurrence of this defect increased as traverse speed increased due to inadequate material flow. Morisada et al. [38] also suggested that the formation of a stagnant zone can lead to a defect in the SZ and that uniform material flow for steel is only achieved at low traverse speed. They interpreted the formation of a stagnant zone on the advancing side as being caused by a low heat input due to high traverse speed. For low traverse speed welds ( Fig. 15 W2) it is shown that the flow is nearly symmetrical and the stagnant zone is limited, this in turn caused nearly symmetrical velocity, strain rate and temperature fields and therefore created fewer defects. To demonstrate the importance of material flow as a main source of heating in FSW process, the heat transfer by convection to that by conduction represented by Peclet (P e ) number is calculated as follows [2] :
U c is the characteristic velocity = 0.685 m/s for W6-8 (see Fig. 10 W6) , L c is the characteristic length which represent the shear layer thickness taken from infinite focus microscope IFM experiments and =0.01 m as average. So Pe will be equal to 561 which indicates that material flow plays a major role in heat transfer during the FSW process of steel especially under the tool shoulder. The importance of material flow in heat transfer during the FSW process was also reported in [14] for modelling aluminium AA5083-H131 and they found that Pe number was still high even when the thermal conductivity is very high.
Estimating the SZ from viscosity change
It is shown from Fig. 17 , W1 through W6 that viscosity decreases with increasing tool rotational speed, this decrease can encourage the layers of the material in contact with the tool to rotate with a specific velocity. The high values of viscosity just after this region will prevent material from moving due to the lack of plastic flow and thus defining the limits of the SZ. It is also worth noting that the calculated temperature around the tool was not enough to markedly decrease the viscosity and allow the material to flow. The strain rate is probably playing a significant role in decreasing the value of viscosity. Viscosity is inversely proportional to strain rate and temperature, so considering the CFD results of temperature and strain rate which show a decrease in temperature and strain rate towards the probe end, it is expected that viscosity will show an increase towards the probe end and this is the main reason for the V-shaped geometry around the contact region. Nandan et al. 2007 [2] reported the same viscosity increase towards the probe end. It can also be shown that increasing the traverse speed in W4 caused an increase in viscosity at the probe side bottom as compare to W3 which shows a lower value of viscosity although the tool rotational speed was lower. This can be attributed to the less heat input towards the probe in W4. From the viscosity, strain rate and velocity and temperature contour, it can be inferred that the tool shoulder and probe side play the most important role in generating the heat required for welding, whereas, the probe end plays an insignificant role in stirring the material in contact. It is also shown from Fig. 17 that the most affected zone by stirring is between the shoulder and probe side due to the combination of these two parts of the tool. Figure 18 differences which may be caused by variation in plunge depth as discussed previously. Figure 18 shows a top view of the local viscosity for the SZ of W2 and W6 low and high welding speeds respectively. From Figs. 17 and 19 , it can be confirmed
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Advancing Advancing that the value of viscosity in which material can flow for all cases under study is ranged from 55,000 to 9.8 × 10 6 Pa.s. The cutoff viscosity value is 9.8 × 10 6 Pa.s which is in good agreement with the previous work carried out on steel extrusion [2] .
Shear stress on the surface of the tool
The maximum shear stress predicted by the model for low and medium welding speeds (W1, W2, W3 and W4) as shown in Fig. 20 is associated with the leading edge of the tool towards the retreating side; which coincides with the prediction for the minimum temperature on the tool (see Fig. 7 ). The reason for this is the tool surface leading edge is in contact with higher degrees of viscosity than the trailing edge as shown in Fig. 18 W2. High tool rotational speeds W5 and W6 show a nearly symmetrical shear stress distribution on the tool shoulder periphery. For constant traverse speeds (W4, W5, and W6), the model predicts that the shear stress will decrease with increasing tool rotational speed because of the associated increase in temperature. The model further predicts that the probe sides is subjected to a higher shear stress at lower tool rotational speed, as shown for W1 and W2 in Fig. 20 because it experiences lower temperatures and higher viscosity ( Fig. 9 and Fig. 17, respectively) . W4 predicts an increase in shear stress at the shoulder periphery and probe side leading edge compared to W3 because of the higher traverse speed. From the previous discussion, it is recommended to increase the tool rotational speed and decrease the traverse speed in order to reduce the tool wear especially at the probe side and shoulder periphery.
Conclusion
From the preceding discussion, the following can be concluded: CFD modelling of FSW of DH36 steel shows that the maximum temperatures for low and medium welding speeds are located under the tool shoulder.
For high rotational speeds (with traverse speed of 400 mm/ min) W5 and W6, higher temperatures existed in the shear layer just out the tool shoulder periphery.
The prediction from the CFD model indicates that compared to tool traverse speed, tool rotational speed plays a significant role in generating heat in the tool/workpiece interface. On the other hand, increasing traverse speed can significantly cause an increase in the cooling rate.
The model predicts that the FSW tool has experienced a range of temperatures across its surface during FSW, a maximum temperature on the advancing-trailing side and a lower temperature on the leading-retreating side. The minimum temperature was found at the probe end.
The CFD model predicts that strain rate increases with increasing tool rotational speed; it also showed an increase with increasing traverse speed.
Local pressure between the tool and the workpiece was asymmetrical between the advancing and retreating sides, the difference in pressure value increases with increasing traverse speed.
It is proposed that the increase in pressure difference between the adjacent regions especially near the probe end could be the cause of weld defects. High traverse speed may create a stagnant zone which in turn can become a source of defects such as wormholes as results of the lack in material flowing.
The shape and dimensions of the stirred zone has been estimated effectively from the viscosity contours in the CFD model. The SZ size increased with the increase in tool rotational speed. This was because of a decrease in viscosity which in turn encourages steel layers to rotate.
Viscosity increases with increasing traverse speed especially on the probe side.
The tool shoulder surface experiences high shear stress at low tool rotational speeds.
The shear stress on the leading-retreating side was greater than on the advancing-trailing side because of the temperature difference which was lower at the leading-retreating side.
The tool probe sides experience the maximum shear stress at lower tool rotational speeds. The shear stress was also increased with increasing the weld traverse speed (e.g. W4).
